Evolutionary and conservation biology of the Finnish house sparrow by Kekkonen, Jaana
Evolutionary and conservation biology
of the Finnish house sparrow
Jaana Kekkonen
Department of Biosciences
Faculty of Biological and Environmental Sciences
University of Helsinki
Finland
Academic dissertation
To be presented for public examination with the permission
of the Faculty of Biological and Environmental Sciences of the University of Helsinki
in the Auditorium 1041, Biocenter 2, Viikinkaari 5, on 28 January at 12 o’clock noon
Helsinki 2011
© Nature Publishing Group (Chapter I)
© Authors (Chapters II, III, IV)
Cover photo: Hannu Lehikoinen
Technical editing by Johan Ulfvens
Author’s address:
Department of Biological and Environmental Sciences
P.O. Box 65 (Viikinkaari 1)
FI-00014 University of Helsinki
Finland
E-mail: jaana.kekkonen@helsinki.fi
ISBN 978-952-92-8432-0 (paperback)
ISBN 978-952-10-6761-7 (PDF)
http://ethesis.helsinki.fi
Yliopistopaino
Helsinki 2011
Evolutionary and conservation biology
of the Finnish house sparrow
Jaana Kekkonen
The thesis is based on the following articles, which are referred to in the text by
their Roman numerals:
I Kekkonen, J., Seppä, P., Hanski, I.K., Jensen, H, Väisänen, R.A. & Brommer,
J.E. (2011): Low genetic differentiation in a sedentary bird: house sparrow
population genetics in a contiguous landscape. — Heredity 106: 183–190.
II Kekkonen, J., Hanski, I.K., Väisänen, R.A. & Brommer, J.E.: More heavy
metals in urban house sparrows compared to rural ones in southern Finland.
— Manuscript
III Kekkonen, J., Hanski, I.K., Jensen, H., Väisänen, R.A. & Brommer, J.E.:
Increased genetic differentiation in house sparrows after a strong population
decline: From panmixia towards structure in a common bird. — Manuscript
IV Kekkonen, J., Jensen, H. & Brommer. J.E.: Mixed patterns of drift and
selection working on Finnish house sparrows. — Manuscript
4 Contributions
Contributions
The following table shows the major contributions of authors to the original articles or manuscripts.
I II III IV
Original idea JEB JEB JEB HJ
Design JEB, JK JEB, JK JEB, JK JEB, JK
Sampling RAV, IKH RAV, IKH RAV, IKH, JK JK
Laboratory JK SYKE JK JK
analyses
Manuscript JK, JEB, PS, HJ, RAV, IKH JK, JEB, RAV, IKH JK, JEB, RAV JK, JEB
preparation
JK: Jaana Kekkonen, JEB: Jon E. Brommer, RAV: Risto A. Väisänen, IKH: Ilpo K. Hanski, HJ: Henrik Jensen, PS:
Perttu Seppä, SYKE: Suomen Ympäristökeskus
Supervised by: Docent Jon E. Brommer
University of Helsinki
Finland
Reviewed by: Docent Laura Kvist
University of Oulu
Finland
Professor Craig Primmer
University of Turku
Finland
Examined by: Professor Mats Björklund
University of Uppsala
Sweden
Custos: Professor Pekka Pamilo
Department of Biosciences
University of Helsinki, Finland
Contents 5
Contents
0 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.1. Genetic diversity as a key to species existence and evolution. . . . . . . . . . . . . . . . 8
1.2. Consequences of declines in genetic diversity . . . . . . . . . . . . . . . . . . . . . . . 9
1.3. Temporal studies revealing changes in genetics. . . . . . . . . . . . . . . . . . . . . . . 9
1.4. Selection vs. genetic drift as evolutionary forces . . . . . . . . . . . . . . . . . . . . . 10
1.5. Human associated species at risk – the case of the house sparrow . . . . . . . . . . . . . 10
1.6. Aims of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2. Species and Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1. The house sparrow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2. Data collecting and analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3. Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.1. House sparrows population genetics before and after the declines. . . . . . . . . . . . . 15
3.2. Heavy metals as a potential cause of house sparrow declines . . . . . . . . . . . . . . . 19
3.3. Comparing quantitative trait divergence with neutral genetic differentiation . . . . . . . 21
4. Conclusions and the future of the house sparrow . . . . . . . . . . . . . . . . . . . . . . . . 24
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
I Low genetic differentiation in a sedentary bird: house sparrow population genetics
in a contiguous landscape. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Material and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
Ringing records . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
Sampling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
Microsatellite genotyping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
House sparrow dispersal in Finland based on ringing records . . . . . . . . . . . . . . . . . 36
Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Testing loci . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Genetic variability within populations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Genetic differentiation among populations. . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Bottlenecks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Genetic diversity in the study populations . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Spatial population structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
II More heavy metals in urban house sparrows compared to rural ones in southern Finland . . . 43
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
Material and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Sampling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Analytical procedure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
6 Contents
Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
Heavy metal concentrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
Habitat, age and sex effects on heavy metal concentrations . . . . . . . . . . . . . . . . . . 47
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
III Increased genetic differentiation in house sparrows after a strong population decline:
From panmixia towards structure in a common bird . . . . . . . . . . . . . . . . . . . . . . . 53
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Material and Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Population trend . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Sampling scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
Microsatellite genotyping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Population trend during 40 winters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Testing the usage of pooled data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Measures of genetic diversity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Global FST and pairwise FST-values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
Bottlenecks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Analysis of Molecular Variance (AMOVA) . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Change in genetic differentiation among populations . . . . . . . . . . . . . . . . . . . . . 64
Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
IV Mixed patterns of drift and selection working on Finnish house sparrows . . . . . . . . . . . 71
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
Material and Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
Sampling and measuring morphometric traits . . . . . . . . . . . . . . . . . . . . . . . . . 73
Microsatellite genotyping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
7Summary
Recently it has been recognized that evolutionary aspects play a major role in conservation
issues of a species. In this thesis I have combined evolutionary research with conservation
studies to provide new insight into these fields. The study object of this thesis is the house
sparrow, a species that has features that makes it interesting for this type of study. The house
sparrow has been ubiquitous almost all over the world. Even though being still abundant,
several countries have reported major declines. These declines have taken place in a rela-
tively short time covering both urban and rural habitats. In Finland this species has declined
by more than two thirds in just over two decades. In addition, as the house sparrow lives
only in human inhabited areas it can also raise public awareness to conservation issues.
I used both an extensive museum collection of house sparrows collected in 1980s from
all over Finland as well as samples collected in 2009 from 12 of the previously collected lo-
calities. I used molecular techniques to study neutral genetic variation within and genetic
differentiation between the study populations. This knowledge I then combined with data
gathered on morphometric measurements. In addition I analyzed eight heavy metals from
the livers of house sparrows that lived in either rural or urban areas in the 1980s and evalu-
ated the role of heavy metal pollution as a possible cause of the declines.
Even though dispersal of house sparrows is limited I found that just as the declines
started in 1980s the house sparrows formed a genetically panmictic population on the scale
of the whole Finland. When compared to Norway, where neutral genetic divergence has
been found even with small geographic distances, I concluded that this difference would be
due to contrasting landscapes. In Finland the landscape is rather homogeneous facilitating
the movements of these birds and maintaining gene flow even with the low dispersal.
To see whether the declines have had an effect on the neutral genetic variation of the
populations I did a comparison between the historical and contemporary genetic data. I
showed that even though genetic diversity has not decreased due to the drastic declines the
populations have indeed become more differentiated from each other. This shows that even
in a still quite abundant species the declines can have an effect on the genetic variation. It is
shown that genetic diversity and differentiation may approach their new equilibriums at dif-
ferent rates. This emphasizes the importance of studying both of them and if the latter has in-
creased it should be taken as a warning sign of a possible loss of genetic diversity in the fu-
ture.
One of the factors suggested to be responsible for the house sparrow declines is heavy
metal pollution. When studying the livers of house sparrows from 1980s I discovered
higher levels of heavy metal concentrations in urban than rural habitats, but the levels of the
metals were comparatively low and based on that heavy metal pollution does not seem to be
a direct cause for the declines in Finland. However, heavy metals are known to decrease the
amount of insects in urban areas and thus in the cities heavy metals may have an indirect ef-
fect on house sparrows.
Although neutral genetic variation is an important tool for conservation genetics it does
not tell the whole story. Since neutral genetic variation is not affected by selection, informa-
tion can be one-sided. It is possible that even neutral genetic differentiation is low, there can
be substantial variation in additive genetic traits indicating local adaptation. Therefore I
performed a comparison between neutral genetic differentiation and phenotypic differentia-
tion. I discovered that two traits out of seven are likely to be under directional selection,
whereas the others could be affected by random genetic drift. Bergmann’s rule may be be-
hind the observed directional selection in wing length and body mass. These results high-
light the importance of estimating both neutral and adaptive genetic variation.
1. Introduction
Biodiversity can be measured at three different
levels: the community or ecosystem level, species
level and genetic level (Pullin 2002). Since not all
things in nature can be directly measured or ob-
served, genetic methods have given new insights
into history, present status and future estimates of
species (Avise and Hamrick 1995, deSalle and
Amato 2004). Genetic tools provide means to mo-
nitor changes in populations over time (Schwartz
et al. 2007). They can produce information rele-
vant to both ecological and evolutionary time
scales, while often being cheaper and sometimes
more sensitive and reliable than traditional moni-
toring approaches. Also in some cases monitoring
cannot even be done with other methods
(Schwartz et al. 2007). Through genetic monitor-
ing information can be gained on for example spe-
cies abundances (e.g. Piggot et al. 2006, rock-wal-
laby), vital rates (e.g. Rudnick et al. 2005, Eastern
imperial eagle), geographical range of the species
(e.g. McKelvey et al. 2006, Canada lynx) and hy-
bridization (e.g. Hitt et al. 2003, trout species) as
well as demographic and evolutionary processes.
The latter two can be estimated by determining
changes in population size with measures of
allelic diversity, expected heterozygosity (Spen-
cer et al. 2000), allele frequencies (Luikart et al.
1999) or effective population size (e.g. Palm et al.
2003, brown trout). Also measuring the connec-
tivity and gene flow between populations has be-
come important (Koskinen et al 2002, Coulon et
al. 2006).
It has been recognized that the current state of
a species is a result of constant change and the fu-
ture of the species also depends on the evolution-
ary processes. Accordingly, in modern conserva-
tion biology the scope has shifted from protecting
species within static communities to conserving
systems that are dynamic (Pullin 2002). Conser-
vation concerns or actions are often focused on
species that are rare and thus in a great risk of ex-
tinction (Soulé 1987). However, species which are
still fairly common but declining also prompt
some conservation concerns. The International
Union for Conservation of Nature (IUCN) criteria
for the conservation status of organisms take into
consideration abundant species if their declines
meet the criteria of e.g. > 30% decline in ten years
or three generations (qualifies to status Vulnera-
ble) (IUCN Red List Categories and Criteria ver-
sion 3.1). Loss of individuals is one of the mecha-
nisms through which genetic diversity is lost
(Frankham 1996, Hartl and Clark 2007). Thus the
global scale IUCN criteria and country-specific
conservation definitions of policy – which aim at
preventing the declines – help to protect this key
aspect of species’viability. Preserving a sufficient
level of genetic diversity maintains the potential
for a species or population to adapt to changing
environmental conditions (Spielman et al. 2004,
Frankham et al. 2009).
1.1. Genetic diversity as a key
to species existence and evolution
Environments are under constant change. In the
course of evolution, species change according to
the surrounding conditions they experience. Espe-
cially today, when humans alter the globe at a high
rate, the need for species to adapt to changes in
their environments has become more critical
(Frankham 1999). For populations to adapt to en-
vironmental changes, genetic diversity is re-
quired. Genetic diversity is the variation in alleles
and genotypes in the species or population. It
serves as the raw material for adaptive evolution-
ary change (Frankham et al. 2002). In a geneti-
cally diverse species different forms are main-
tained and when the optimum of the species shifts
due to changes in their environment, forms that
are beneficial in the new circumstances are being
selected for and they become more common. If
there is little diversity, the new optimum may not
be reached and the species is less adapted to its en-
vironment and consequently in a greater risk for
extinction.
Genetic diversity is generated by mutations,
which create new alleles into the gene pool. Mi-
gration maintains diversity by enabling gene flow
between populations. Also balancing selection
maintains diversity. Directional selection on one
hand creates locally adapted forms, but on the
other hand divides the gene pool and in the pro-
cess diversity can also be lost. Genetic drift has the
potential of eradicating diversity by chance while
acting in a random manner on the genetics of the
species (Hartl and Clark 2007). Species and their
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populations are simultaneously affected by all of
these evolutionary forces which can also work to
counteract each other. The relative roles are being
determined by e.g. population size: in large popu-
lations selection is predominant whereas the ef-
fects of drift and gene flow become more pro-
nounced in small populations. The direction of
evolutionary change is thus determined by the in-
teractions of these forces (Maynard Smith 2000).
1.2. Consequences of declines
in genetic diversity
Large populations of outbreeding species usually
have extensive genetic diversity. When abun-
dance declines it affects the genetic patterns of the
species. In small populations, the relative role of
random genetic drift as evolutionary force in-
creases, which can lead to loss of alleles and
heterozygosity (Frankham et al. 2002, Hartl and
Clark 2007, Amos and Balmford 2001). Along
with the alleles also the number of heterozygotes
declines resulting in a reduced fitness. Analyses in
a review by Reed and Frankham (2001) indicate
that there is a significant overall relationship be-
tween population mean heterozygosity and popu-
lation fitness. It has been noted recently, however,
that the methods used in some of these hetero-
zygosity-fitness correlation -studies (HFC) have
not been optimal. This has been actively discussed
and good practices have been specified (Chapman
et al. 2009, Szulkin et al. 2010). Nevertheless, in
general the relationship of decreased fitness due to
reduced heterozygosity still holds.
Studying genetic diversity alone may not re-
veal the whole picture. Crow and Aiko (1984) and
Varvio et al. (1986) showed with simulation stud-
ies that the new equilibrium level of genetic diver-
sity is reached in a much slower rate than the ge-
netic differentiation between diverging units.
Thus, it is important to investigate both genetic di-
versity and genetic differentiation in population
genetic studies with conservation implications. If
the species is geographically structured and the
numbers decline, the populations become smaller
and more isolated from each other. This means
that less migrants move between the populations
resulting in less gene flow which would maintain
the diversity (Avise and Hamrick 1995). In small
populations, the effects of random genetic drift
become more pronounced and can counteract the
effects of natural selection which, by chance, can
lead to strong decline of genetic diversity, loss of
evolutionary beneficial alleles and fixation of
harmful alleles (Amos and Balmford 2001). This
in turn can lead to situations where the populations
are even more vulnerable to harmful environmen-
tal changes as well as stochastic processes that
fluctuate more in small than large populations.
Consequently small populations can more easily
reach a point from which they can not recover any-
more.
Conservation studies most often concern spe-
cies that are rare and in greatest risk of extinction
(Soulé 1987). However, it is also important to ex-
amine species that are declining but still relatively
abundant. These species may raise conservation
concerns in the future and on the other hand they
can increase knowledge on mechanisms and con-
sequences that decreasing numbers have on the
genetic diversity of a species. These things are not
always possible to study on threatened species and
thus this information could be applied to their con-
servation as well (Avise and Hamrick 1995).
1.3. Temporal studies
revealing changes in genetics
The most powerful approach for linking a popula-
tion decline to a change in the population genetics
relies on temporal comparisons (Schwartz et al.
2007). Analyzing specimens collected prior to the
decline can open possibilities to still reconstruct
the past and give measures comparable to contem-
porary ones (Payne and Sorenson 2002, Leonard
2008). Some reference values can be inferred
from a closely related species or from the same
species in a different area, but most reliable results
are gained if pre- and post-decline data from the
same population are used. If low genetic diversity
is observed in the contemporary data, it can be
evaluated whether it actually is a result of the de-
cline (e.g. Hector’s dolphin, Pichler and Baker
2000) or present already in historical samples in-
dicating that low diversity is a species-specific
feature (e.g. Morro Bay kangaroo rat, Matocq and
Villablanca 2001). Some studies regarding birds
have compared historical and contemporary
Summary 9
samples (reviewed in Wandeler et al. 2007). Vari-
able results have been found: decrease in allelic
richness (Bouzat et al. 1998) or heterozygosity
(Groombridge et al. 2000), increased genetic dif-
ferentiation but no loss of heterozygosity (Marti-
nez-Cruz et al. 2007) and no effect at all (Brown et
al. 2007). However, it is noteworthy that most of
these studies consider species that have gone
through a severe bottleneck. However, the IUCN
conservation criteria apply also in case a major de-
cline occurs in a species that remains relatively
common. Also in these situations it would be in-
teresting to see whether genetic diversity is lost
despite still being abundant in number and how
well are population genetic changes detected?
Here, genetic methods for population monitoring
become especially important because populations
can go through so called “cryptic bottlenecks” in
which the bottleneck is not detected through tradi-
tional demographic monitoring methods but ap-
pears in genetic studies (Luikart et al. 1998).
When comparing pre- and post-decline popu-
lations, possible changes in genetic diversity indi-
ces, such as allelic richness, private allelic rich-
ness and expected heterozygosity can be mea-
sured. In addition, estimating the level of spatial
differentiation of populations before and after the
reduction in population size gives valuable infor-
mation on whether populations have become
more isolated due to restricted gene flow
(Schwartz et al. 2007, Wandeler et al. 2007, Leon-
ard 2008). Temporal estimates of effective popu-
lation sizes are also valuable. Effective population
size indicates the number of individuals that actu-
ally produce offspring and it thus predicts the ex-
tinction risk better than mere population size. Un-
fortunately, it is often difficult to estimate (Wang
2005). Furthermore, temporal studies enable the
detection of new introductions and assessing the
rate of genetic introgression into indigenous pop-
ulations (Wandeler et al. 2007).
1.4. Selection vs. genetic drift
as evolutionary forces
In conservation studies, the level of genetic differ-
entiation is often measured using markers which
are not under selection. While valuable informa-
tion is gained through this approach, in order to
have a more comprehensive understanding of the
organisms’ genetic attributes, it is important to
perceive how different evolutionary forces act on
the populations and try to infer into what direc-
tions these forces might take them in the future. A
way to study the relative roles of random genetic
drift and natural selection is to measure both neu-
tral and adaptive genetic variation in the same
samples from a set of populations and compare the
levels of differentiation. Neutral variation is most
often determined as F
ST
(Wright 1943, Nei 1987)
and variation in quantitative traits, assumed to be
under selection, as Q
ST
(termed by Spitze 1993). In
this comparison there are three possible outcomes
(Merilä and Crnokrak 2001, McKay and Latta
2002). If Q
ST
> F
ST
, natural selection is favoring
different phenotypes in different populations and
thus driving directional selection. If the two mea-
surements are equal, it can not be ruled out that the
observed differentiation would have been caused
by genetic drift alone. If Q
ST
< F
ST
, same pheno-
types are favored in different populations and sta-
bilizing selection is occurring. Reviews by Merilä
and Crnokrak (2001) and Leinonen et al. (2008)
suggest, that in most cases adaptive genetic varia-
tion exceeds the neutral expectation indicating
that directional selection is acting as the main evo-
lutionary force. Nevertheless, also contrary find-
ings have been observed (e.g. Lee and Frost 2002,
Baruch et al. 2004, Evanno et al. 2006) and be-
cause there might be a bias towards finding direc-
tional selection instead of genetic drift (Miller et
al. 2008, Whitlock et al. 2008) more studies are
needed in this field.
1.5. Human associated species at risk
– the case of the house sparrow
As humans alter the globe in accelerating rate
some organisms benefit from the changes but
many suffer. Species that have become associated
with human settlements and thrived with growing
human population have had to face in the past few
decades also the adverse effects of modern urban-
ization. One such species is the house sparrow
(Passer domesticus) which has spread around the
world with humans. This species has been highly
successful and abundant but recently in many
countries it has been reported to decline dramati-
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cally (Anderson 2006). These declines have taken
place in both rural and urban habitats, but different
causes may be responsible for the declines in these
different habitats. Also because the species is con-
sidered sedentary, urban and rural populations
may not always mix through migration and conse-
quently individuals in different habitats could dif-
fer. For example Bjorklund et al. (2010) found in
great tits (Parus major) in Barcelona that genetic
variation was larger in the parks compared to the
forest population and gene flow was higher from
the town to the forest than the other way around.
Studies on the causes of house sparrow declines
should take the possible habitat-related differ-
ences into consideration. In general lack of nest
sites (Siriwardena et al. 2002) and lack of food for
both adults and nestlings (Hole et al. 2002, Sum-
mers-Smith 2003, Vincent 2005) as well as preda-
tion, inter-specific competition (McCarthy 2003)
and diseases (Kruszewicz 1995) have been sug-
gested to cause the wide-scale house sparrow de-
clines. In particular in urban areas the role of pol-
lutants like e.g. heavy metals has been speculated
(Summers-Smith 1999). In reality the cause for
declines may be a combination of some or all of
these. The close relationship to humans has been a
stepping stone for the house sparrow to spread all
over the world, but nowadays it may turn out to be
the stumbling block. The changes in human life-
style over the past century may have just occurred
too rapidly for the house sparrow to adapt to.
1.6. Aims of the thesis
House sparrow is an interesting species to use in
an evolutionary and conservation studies because
of its a) recent sharp declines in Finland as well as
in other parts of the world, b) strong human asso-
ciation and c) sedentary nature. In this thesis I
sampled data from present house sparrow popula-
tions in Finland and compared them with a unique
and extensive museum collection from the pre-de-
cline period of this species. The aim of the first
chapter (I) was to establish the levels of genetic di-
versity and population structure for house sparrow
males just as the declines started in Finland and
the species was still highly abundant. In the sec-
ond chapter (II) liver samples from the museum
collection were used to conduct a heavy metal
analysis. The aim was to study how heavy metals
accumulated to birds living in either urban or rural
habitats, were there sex-dependent differences or
did the heavy metals accumulate with age. In
chapter three (III) the objective was to test for
changes between pre- and post-decline datasets to
see whether genetic population differentiation had
increased or within-population genetic diversity
had decreased due to the declines. In chapter four
(IV) the aim was to utilize the morphometric mea-
surements taken from birds sampled after the de-
clines and use them together with the neutral ge-
netic marker data to study the relative roles of nat-
ural selection and random genetic drift. All in all
in this thesis I focused on gathering novel infor-
mation on this dramatically declined but still
rather abundant species by using multiple ap-
proaches to gain as inclusive picture of its popula-
tion genetics as possible.
2. Species and Methodology
2.1. The house sparrow
House sparrow is one of the most familiar birds to
humans in many parts of the world. It is strongly
human associated and even though it is found
from small isolated farms to multimillion metrop-
olises, it is basically absent from uninhabited ar-
eas. Because of this close relationship to man it
has invoked feelings of both love and hatred and
has been consequently treated as either a compan-
ion or nuisance (Anderson 2006, Summers-Smith
2006). In agriculture the house sparrow has been
treated as a pest, eating crops and spreading dis-
eases and has been eradicated accordingly. How-
ever, many farmers also see this species as a part of
the wildlife in their backyard.
The house sparrow is a sedentary species. The
limited dispersal is mainly undertaken by juve-
niles dispersing from their native areas. Females
are more prone to disperse than males. (Summers-
Smith 1988, Skjelseth et al. 2007). Long-distance
recoveries from Britain and Ireland showed that
only 3% of dispersal events extend further than 20
km (Siriwardena et al. 2002). In Norway only
10% of female and 6% of male fledglings that
were later recruited to the breeding population had
left their native islands (Altwegg et al. 2000). Fur-
thermore, Tufto et al. (2005) found that most
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house sparrows did not disperse from their natal
farms, and of the ones that did, 90% dispersed less
than 36 km. Despite the low dispersal rates, the
natural distribution range of the house sparrow
covers Europe, Northern Africa and much of Asia.
Furthermore, humans have introduced this spe-
cies either accidentally or intentionally to North
America, South America, Australia, New Zealand
and parts of Africa (Summers-Smith 1988).
Along with human settlement, house sparrows
have successfully spread to these new areas and
quickly naturalised.
House sparrows are social animals, which
gather in flocks for many activities such as feeding
(Summers-Smith 1988). They also tend to breed
in small colonies. Nests are placed preferably in
natural cavities or buildings, but also in nest
boxes, trees or even shrubs. House sparrows
mainly feed on seeds and grains of natural herbs or
cultivated crops. In urban areas house sparrows
have also learned to exploit the leftovers and gar-
bage of humans. Although the quality of this type
of food is probably worse (Crick et al. 2002), this
flexibility has been one key to house sparrow’s
success in the cities. During the breeding season
the availability of invertebrates is important as
they serve as the sole food for chicks during the
first days after hatching (Summers-Smith 1988).
Because of its adaptability, the house sparrow
has been highly successful and abundant. In recent
decades, however, this species has suffered from
major declines, which have puzzled both scien-
tists and the general public. Declines have been re-
ported in large parts of Europe (Summers-Smith
1999, Hole et al. 2002, Crick et al. 2002, Anderson
2006, de Laet and Summers-Smith 2007), as well
as in areas where it is non-native, such as North
America and India (Peterjohn et al. 1994, Goyal
2005). Despite the declines, this species is consid-
ered as Least Concern (LC) on the global IUCN
red list criteria, because it is still rather abundant
and its distribution range is large. In Finland, just
prior to the declines started in early 1980s, abun-
dance of house sparrow was estimated at 400,000
pairs (Väisänen et al. 1998). Since then this spe-
cies has declined by over 60% in just two decades.
Declines have taken place in both rural and urban
habitats but they have been slightly more severe in
urban areas (Väisänen 2003; Figure 1). When the
Finnish criteria for the conservation status of spe-
cies were updated in the year 2000 (Rassi et al.
2001), the house sparrow was classified as Near
Threatened (NT). Given its huge and rapid de-
clines, the species could have been classified as
more endangered, if strict application of IUCN
criteria was applied, but it was left at this more
cautious level because of its high relative abun-
dance compared to many other species and the ex-
pectation that the declines would be halted (Rassi
2000). Furthermore, in the last renewal in 2010
(Mikkola-Roos et al. 2010), the house sparrow
was taken of the list altogether, based on its pre-
sumed stabilization in population size.
2.2. Data collecting and analysis
Ringing records
Ringing records from 1930–2004 used in chapter
I were obtained from the Ringing Bureau, Finnish
Museum of Natural History, Helsinki.
Pre-decline samples
Pre-decline samples were collected during 1983–
1986 from all around Finland and also from
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Fig. 1. Density (birds per 10 km of transect) of the
house sparrow in Finnish winter bird censuses in
urban and rural habitats during 23 winters 1986/
1987–2008/2009. Predicted from linear regression
(hatched lines) the species decreased on average
70% in urban and 65% in rural areas.
Stockholm (Sweden). Fourteen localities were in-
cluded in chapter I (Figure 2) and all together 472
house sparrow males were used in the study. For
chapter III twelve of these localities were used so
that Stockholm and Seinäjoki were excluded from
the original fourteen populations. Sample size was
705 birds (sexes combined). In different chapters
the numbering of the localities is always started
from 1.
Samples for chapter II were chosen from the
collection in a finer scale from southern and cen-
tral Finland. Five places were located in urban ar-
eas: four in the very centre of the capital city Hel-
sinki and one in the city of Jyväskylä, central Fin-
land. In addition, house sparrows were sampled in
three rural areas outside the capital area (Figure 3).
Sample size added up to 56 house sparrows.
Birds were sampled with permission by catch-
ing with mist nets and killed with carbon dioxide.
Subsequently the birds were measured, sexed,
aged and then dissected and preserved in the natu-
ral history museum. Livers were preserved at –
18°C. They were used as the source of DNA and
for heavy metal analysis in this thesis.
Post-decline samples
Post-decline samples were collected from ten lo-
calities in February 2009. In addition samples
were provided by ringers from Turku and from
Lahti in 2008. The latter locality was 60 km north-
west from the locality Myllykoski sampled in the
1980s and was considered representative for this
site (noted in Figure 2 with L). Seinäjoki and
Stockholm were excluded from data gathering.
Sampling was attempted at the same locations that
were used for the sampling the pre-decline samp-
les taken in the 1980s. However, in the post-de-
cline sampling, differences may have occurred be-
cause for some localities the information of the ex-
act locations of sampling had been lost and for
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Fig. 2. Map of Finland
representing the samp-
ling localities of house
sparrows indicated by
numbers from 1 to 14.
Names of sampling lo-
calities are indicated
besides the figure.
There are thirteen
sampling sites in Fin-
land and one in Stock-
holm, Sweden.
Fig 3. Map of southern and central Finland where
sampling sites are indicated with numbers from 1
to 8 (filled squares=rural, unfilled squares=urban).
some places the sampling methods defined the
possible catching sites. However, this does not
likely pose problems, because in this geographical
scale small shifts should not matter. For chapter
III 281 samples were used from the twelve loca-
tions. For chapter IV two localities (Turku and
Lahti) were excluded and sample size was 238 in-
dividuals.
In ten localities, house sparrows were caught
with mist nets and a small blood sample (70ul)
was taken for DNA analysis. In addition, tarsus
length, bill length, bill depth from both sexes and
visible badge size and total badge size from males
with a sliding caliper with an accuracy of ± 0.1
mm were measured. Total badge size was mea-
sured including all the feathers on the throat that
were either black or with black bases and grey
tips. Visible badge size was measured by includ-
ing only totally black feathers. I measured body
mass with a Pesola spring balance (± 0.1 g) and
wing length with a ruler (± 0.5 mm). In addition,
feather sample from birds caught in the Turku and
Lahti were obtained. In all the above sampling
schemes, birds were ringed, which allowed to ver-
ify that no individuals were sampled twice.
Genetic data: Microsatellite genotyping
Microsatellites are parts of non-coding DNA with
tandem repeats of 1 to 6 bases. In diploid organ-
isms the two homologous chromosomes can have
either two identical or two different repeat num-
bers in the same locus. Microsatellites are co-
dominant, usually selectively neutral and often
highly polymorphic markers due to their high mu-
tation rate and thus suitable for population genetic
studies (Goldstein and Schlötterer 1999, Ellegren
2000). Microsatellites were used in chapters I, III
and IV and genotyping was conducted in the same
way in all of them, only the source of DNA dif-
fered. Liver samples were used in chapter I. In
chapter III liver, blood and feather samples were
used and in chapter IV blood samples were uti-
lized. The following thirteen microsatellite loci
were analyzed in all of these chapters: Pdoµ16,
Pdoµ19, Pdoµ22, Pdoµ27, Pdoµ33, Pdoµ40,
Pdoµ44 and Pdoµ47 (Dawson et al. in review),
Ase18 (Richardson et al. 2000), Pdoµ1 and Pdoµ3
(Neumann and Wetton 1996), Pdoµ10 (Griffith et
al. 2007), and Pdoµ5 (Griffith et al. 1999).
Heavy metal analysis
The heavy metal analysis was conducted in the
laboratory of the Finnish Environment Institute
(SYKE). The laboratory is accredited by the inter-
national standards and the methods and equip-
ment are certified. Levels of eight heavy metals
were analyzed as mg kg–1 dry weight from the
liver samples: aluminium (Al), chrome (Cr), man-
ganese (Mn), iron (Fe), copper (Cu), zinc
(Zn),cadmium (Cd), and lead (Pb). The analytical
procedure was based on US EPA (1994) –method
3051A “Microwave Assisted Acid Digestion of
Sediments, Sludges, Soils and Oils” with some
modifications.
Statistical analysis
In chapters I and III the genetic diversity within
the populations was described with three parame-
ters: (1) allelic richness (A
R
), (2) expected hetero-
zygosity according to Hardy-Weinberg equilib-
rium (H
E
) (program FSTAT 2.9.3, Goudet 2001)
and (3) private allelic richness (A
PR
) (program
HP-RARE, Kalinowski 2005). Inbreeding coeffi-
cient (F
IS
) was also calculated by using FSTAT.
The level of genetic differentiation among the
populations was assessed as F
ST
(Wright 1943) by
using the Weir and Cockerham’s (1984)  estima-
tor as implemented in the software FSTAT 2.9.3
(Goudet, 2001). F
ST
was estimated both globally
and between all pairs of populations. A Mantel’s
test was used to test for isolation by distance, i.e.
correlation between the level of genetic differenti-
ation and geographic distance. Also in chapters I
and III the software STRUCTURE 2.2 (Pritchard
et al. 2000a, Falush et al. 2003a and 2007) was
used to cluster populations into groups based on
individual genetic data without any prior informa-
tion on geographic sampling locality. Individuals
were also assigned to populations using GENE-
CLASS 1.0.02 (Cornuet et al. 1999). In addition
programs BOTTLENECK 1.2.02 (Cornuet and
Luikart 1996) and Arlequin 3.11 (Excoffier et al.
2005) were used to test whether study populations
had gone through a decline in population size in
recent history.
In chapter III additional analysis were per-
formed to study whether the population differenti-
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ation has changed after the declines. First, a sepa-
rate analysis of F
ST
from pre- and post decline data
was ran in program R 2.10.1 (R development Core
Team 2010) with package Hierfstat (Goudet
2006), which gave confidence intervals for global
F
ST
values. If the confidence intervals did not
overlap between the two time periods the differ-
ence was considered significant. Second, Arle-
quin 3.11 (Excoffier et al. 2005) was used to per-
form an analysis of molecular variance (AMOVA)
on the combined data, where pre-decline and post-
decline samples that were taken from one popula-
tion formed one spatial group in the analysis. The
AMOVA tested how the total variation in the
genotypic data was explained by a) variance
among spatial groups, b) variance among pre- and
post-decline samplings within the spatial groups
and c) variance within the samplings (each samp-
ling taken from a population in one point of time).
Hence, a significant variance between the time pe-
riods (i.e. b) indicated a change in genetic differ-
entiation over time.
In chapter II Program SPSS Statistics 17.0
(SPSS for Windows, Rel. 17.0.0.2008, Chicago:
SPSS Inc.) was used in all the statistical analyses
of the data. The analysis that are described below
were conducted for each heavy metal separately as
well as using principal component analysis
(PCA). Ageneral linear model (GLM) was used to
analyze the data. Either the individual heavy met-
als measured from the house sparrow livers or the
principal components derived from them were
used as the dependent variable. In each of these
GLM’s habitat, age and sex were included as fixed
variables. Also possible interactions between
these explaining variables were analyzed.
In chapter IV R package Hierfstat (Goudet
2006) was used for calculating the global F
ST
val-
ues. The 95% confidence intervals were obtained
by bootstrapping 10,000 times. Package MCM-
Cglmm for R (Hadfield 2010) was used to produ-
ce posterior distributions of variance matrices
where also effects of sex and age and their interac-
tion were taken into account. Based on the posteri-
ors, P
ST
and its credible interval (95% highest pos-
terior density) was approximated for various pa-
rameters that scale the estimated phenotypic to the
additive genetic variances as
P
ST
=
c
c h

 

 
B
B W 2
2
=
c
h
c
h
2
2
2

 

 
B
B W
, (1)
where 2
B
stands for the phenotypic variance be-
tween populations, 2
W
denotes the phenotypic
variance within populations and h2 the heritability
(the proportion of phenotypic variance that is due
to additive genetic effects). The scalar c expresses
the proportion of the total variance that is pre-
sumed to be due to additive genetic effects across
populations. That is, when c = 1, all variation
across population is assumed to be additive ge-
netic and when c = 0 all variance across population
is due to environmental (or other non additive-ge-
netic) effects. Since both h2 and c are in this case
unknown and the end result is dependent on their
reciprocal ratio, the equation is modified such that
they are form essentially one parameter (c/h2).
Figures were drawn to illustrate the change in ap-
proximate P
ST
values and its credible interval for
each trait when c/h2 varied. In interpreting the P
ST
– F
ST
relationship, we focused around the point
where trait specific heritability estimate (h2)
equaled c. This was considered as a realistic point
estimate around which the effects of increasing or
especially decreasing c/h2 would be biologically
most relevant to examine. Population means for
the traits that indicated between population differ-
entiation were plotted against latitude with pro-
gram SPSS 17.0 (SPSS for Windows, Rel.
17.0.0.2008, Chicago: SPSS Inc.).
3. Results and Discussion
3.1. House sparrows population genetics
before and after the declines
Dispersal ability, geographic variation, level of
genetic diversity, level of genetic differentiation
and adaptation to local conditions are key aspects
of a species’ ecology (Frankham et al. 2002, Hartl
and Clark 2007). When aiming to compare the
present state of a species with some earlier point in
time molecular tools come handy. Even though we
can not go back in time to observe the species, we
can derive information using e.g. museum speci-
mens as a source of genetic material (Wandeler et
al. 2007). In this thesis I have aimed at gaining im-
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portant information on house sparrows by using
molecular methods and two data sets sampled at
different times from the same localities. In chapter
I the level of population differentiation was estab-
lished in 14 house sparrow populations before the
species declined in Finland. This is also linked to
the effects of landscape composition i.e. how uni-
form landscape can enhance gene flow. In chapter
III this was extended by analyzing pre-and post-
decline samples to compare the situation before
and after the declines.
Panmictic population structure
before the declines
– effects of landscape composition
In chapter I we found from the Finnish ringing re-
cords, that only 10% of juveniles dispersed further
than 16 km. Hence, the available ringing records
suggest that natal dispersal of Finnish house spar-
rows is highly limited. Furthermore adult dis-
persal (n = 1110) was also expectedly low i.e. me-
dian was 0 km and only 10% dispersed more than
3 km. The low dispersal detected suggests that
populations may also be spatially structured but
this does not necessarily translate into genetic dif-
ferentiation between populations. Indeed, we
found that the levels of genetic differentiation
(measured by F
ST
) were very low both in pairwise
comparisons (Table 1) and globally (F
ST
among
Finnish populations = 0.004 ± 0.001 (SE)), mean-
ing that the populations formed basically one
panmictic unit. Additionally, the low level of ge-
netic differentiation was corroborated by the fol-
lowing findings: there was no isolation by dis-
tance (Mantel r = 0.0000, p = 0.941), all the Finn-
ish sampling localities formed one cluster in the
clustering analyses (posterior probability for K=1
was Ln P(D) = –26 659.8, which was better than
for K=2 for which Ln P(D) = –26 971.4) and only
24.7% of individuals could be assigned to their
population of origin. However, interestingly the
Stockholm population was significantly differen-
tiated from all Finnish populations, with F
ST
val-
ues ranging between 0.023 and 0.038. Genetic di-
versity within house sparrow populations was
very similar in all localities, including Stockholm.
Despite the low dispersal indicated by the
ringing data, the house sparrow populations
showed hardly any spatial structuring across Fin-
land (about 400 × 800 km). Extensive homogene-
ity of populations was most likely due to popula-
tions being very large and possibly also better con-
nected (at least until recent times) than ringing
data suggested. At the time of sampling, the house
sparrow was highly abundant in Finland, the cen-
sus population size of the whole country being in
the order of 106 individuals and distribution cover-
ing most human-inhabited areas from small farms
to cities (Väisänen et al. 1998). In such popula-
tions, genetic drift has almost no effect and diver-
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Table 1. Genetic differentiation (FST estimates) among population pairs. Below the diagonal are FST values from the old
samples and above the diagonal are the values from new samples. Significant FST values after sequential Bonferroni cor-
rection are in bold. Number of genotyped individuals are presented in Table 1. Note that sample size after the decline
was much lower than prior to the decline resulting in a higher critical FST value.
Turku Helsinki Mylly- Jyväs- Oulu Lieksa Kuhmo Kajaani Ämmän- Kuusa- Rova- Sodan-
koski kylä saari mo niemi kylä
Turku – 0.0062 0.0073 0.0042 0.0135 0.0222 0.0150 0.0117 0.0253 0.0069 0.0099 0.0167
Helsinki 0.0025 – 0.0027 0.0002 0.0126 0.0142 0.0090 0.0087 0.0288 0.0053 0.0072 0.0075
Myllykoski 0.0028 0.0033 – –0.0030 0.0075 0.0182 0.0110 0.0041 0.0202 0.0060 0.0134 0.0153
Jyväskylä 0.0016 0.0026 0.0024 – 0.0124 0.0143 0.0128 0.0084 0.0256 0.0051 0.0092 0.0067
Oulu 0.0003 0.0026 0.0037 0.0025 – 0.0213 0.0180 0.0076 0.0307 0.0176 0.0130 0.0163
Lieksa 0.0066 0.0093 0.0029 0.0047 0.0060 – 0.0177 0.0209 0.0430 0.0202 0.0169 0.0156
Kuhmo 0.0061 0.0088 0.0037 0.0053 0.0074 0.0087 – 0.0152 0.0358 –0.0005 0.0105 0.0192
Kajaani 0.0035 0.0023 0.0001 0.0011 0.0020 0.0035 0.0057 – 0.0267 0.0145 0.0129 0.0126
Ämmänsaari 0.0086 0.0110 0.0099 0.0077 0.0084 0.0114 0.0102 0.0084 – 0.0293 0.0286 0.0410
Kuusamo 0.0039 0.0061 0.0035 0.0032 0.0036 0.0067 0.0069 0.0029 0.0063 – 0.0075 0.0096
Rovaniemi 0.0032 0.0052 0.0041 0.0034 0.0033 0.0078 0.0082 0.0038 0.0092 0.0045 – 0.0105
Sodankylä 0.0039 0.0077 0.0065 0.0072 0.0035 0.0124 0.0109 0.0058 0.0087 0.0066 0.0048 –
gence is counteracted by gene flow. Dispersal of
the house sparrows may also have been more fre-
quent and may have covered longer distances than
previous ringing records have suggested. On the
other hand, only a small number of migrants are
enough to even homogenize populations (Frank-
lin 1980, Frankel & Soulé 1981, Allendorf 1983)
and thus only few dispersal events may maintain
connectivity in an unobstructed landscape. We
concluded that landscape in Finland could have
been considered rather contiguous for the house
sparrow in the 1980s and house sparrows could
have maintained gene flow over large geograph-
ical distances by a stepping-stone pattern of small
migration distances in a fairly homogenously dis-
tributed population.
Despite the low differentiation on the scale of
Finland (the longest distance between sites 813
km), we also found that the distance of 250 km be-
tween Turku (Finland) and Stockholm (Sweden),
including c. 40 km of open sea, was sufficient to
create significant genetic differentiation among
the populations. This is in line with other studies
of house sparrow populations on the coast of Nor-
way, where populations are separated by fjords
and mountains (Bjordal 1986 and Jensen et al. in
prep). These results underline the strong effect
that landscape composition can have on dispersal;
a species that in a contiguous landscape forms a
homogenous population on the scale of hundreds
of kilometers can have rather strong spatial struc-
turing on a much smaller scale when barriers (such
as open sea) limit dispersal.
From panmixia towards structure
Preserving sufficient level of genetic diversity
maintains the potential for a species or population
to adapt to changing environmental conditions
(Frankham et al. 2002). Since by loosing individu-
als also genetic diversity is lost (Hartl and Clark
2007) studying the genetic diversity and popula-
tion genetic structure before and after the declines
is of great importance. Even though the house
sparrow is still relatively abundant, this approach
is relevant because the loss of genetic diversity
may still impair its long-term survival and hamper
its return to higher abundance (e.g. Hutchinson
2003). In chapter I house sparrows were found to
be panmictic in Finland before the declines. With
respect to the severity of the declines, signs of
them could have been found in the genetics, but on
the other hand the time scale between pre- and
post-decline data was short. In chapter III we
showed that the genetic population structure had
indeed increased threefold globally (pre-decline
F
ST
= 0.005, post-decline F
ST
= 0.015) and even
though it still remained at a low level (Hartl and
Clark 2007) it was significantly higher than be-
fore. The pairwise F
ST
-estimates had also in-
creased (Table 1), but because of smaller sample
sizes the critical value for significance was twenty
times higher. Furthermore, in analysis of molecu-
lar variance (AMOVA), the proportion of varia-
tion in the data was higher between the two time
periods than between the geographical areas
where the two temporal samples were combined
(Table 2). Also more (36.3%) of individuals from
the post-decline sample set could be assigned cor-
rectly to their population of origin compared with
the pre-decline data (27.1%). This suggests that
despite the contiguous landscape, the reduced
number of dispersers resulted in lower gene flow
between the populations. To be sure that the ob-
served increase of genetic differentiation or the
higher variation between time periods than geo-
graphical areas (from AMOVA) were not just due
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Table 2. Results from analysis of molecular variance (AMOVA). Variation is divided between among spatial
groups, among pre- and post-decline samplings within spatial groups and within samplings (each sampling
taken from a population in one point of time) components. P-value is obtained from 1,023 permutations.
Source of variation Variance components % of total variance P-value
Among spatial groups 0.00228 0.04157 0.0186
Among pre- and post-decline
samplings within spatial groups 0.04434 0.80773 0.0000
Within samplings 5.44253 99.15069
Total 5.48915 99.9999
to the smaller sample sizes in post-decline data, a
resampling was done from the pre-decline data.
The number of individuals that were present in the
populations of the post-decline data was randomly
sampled from the pre-decline samples and these
analyses were conducted again. The results re-
mained the same giving further support to the
finding that house sparrow populations have be-
come more differentiated due to the declines.
Given that the declines have taken place dur-
ing approximately 12.7 generations (assuming a
generation time of 1.96 years as documented by
Jensen et al. 2008), it is actually surprising that we
found evidence of change in the population ge-
netic structure. Little more than ten generations is
not a long time for populations to reach new equi-
librium states of diversity and differentiation. In
addition, the number of house sparrows has not
dropped as low as classical examples of bottle-
necked avian populations (e.g. Bouzat et al. 1998,
Muños-Fuentes et al. 2005, Glenn et al. 1999 and
Groombridge et al. 2000).
The fact that we did find significantly smaller
expected heterozygosity and allelic richness as
well as larger private allelic richness in the north-
ern part of Finland after the declines (Table 3), can
be explained by population demography. Even
though the declines have not been more severe in
the north (Väisänen, unpublished data) there were
smaller populations sizes of house sparrows in the
northern part of Finland prior to the decline
(which is at the edge of the species’ distributional
range) and as a consequence, the declines have
had a proportionately stronger effect on the genet-
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Table 3. Basic population-level statistics of genetic variability: allelic richness (AR), private allelic richness(APR), expected heterozygosity (HE) and inbreeding coefficient (FIS). Garza-Williamson index indicated in
rightmost column. Information is given for the pre-decline (“pre”) and post-decline (“post”) samples for each
population. Note that post-decline samples in subpopulation three were taken from Lahti, a locality c. 60 km
away from the original sampling locality Myllykoski. The statistics for “Total” are calculated for the all the
populations pooled.
Population AR APR HE FIS G-W-index
1. Turku pre 6.97 0.09 0.840 0.015 0.68
Turku post 6.74 0.03 0.819 –0.002 0.61
2. Helsinki pre 6.84 0.10 0.839 0.006 0.72
Helsinki post 6.88 0.11 0.840 0.041 0.62
3. Myllykoski pre 7.13 0.10 0.846 0.030 0.65
Lahti post 6.92 0.17 0.847 –0.016 0.58
4. Jyvskyl pre 6.90 0.06 0.839 0.017 0.70
Jyvskyl post 6.86 0.05 0.835 –0.021 0.62
5. Oulu pre 6.82 0.07 0.832 0.042 0.66
Oulu post 6.98 0.05 0.850 0.025 0.63
6. Lieksa pre 6.93 0.09 0.843 0.018 0.68
Lieksa post 6.73 0.18 0.832 0.083 0.53
7. Kuhmo pre 6.92 0.09 0.833 0.015 0.67
Kuhmo post 6.93 0.11 0.835 0.042 0.62
8. Kajaani pre 6.99 0.09 0.843 0.014 0.66
Kajaani post 6.97 0.18 0.839 0.035 0.59
9. mmnsaari pre 6.84 0.12 0.833 0.021 0.63
mmnsaari post 6.21 0.23 0.793 0.007 0.57
10. Kuusamo pre 6.98 0.06 0.844 0.009 0.67
Kuusamo post 6.70 0.07 0.822 0.030 0.61
11. Rovaniemi pre 7.07 0.06 0.852 0.024 0.64
Rovaniemi post 6.94 0.21 0.833 –0.017 0.58
12. Sodankyl pre 6.92 0.08 0.840 0.055 0.65
Sodankyl post 6.61 0.08 0.828 0.013 0.59
Total pre 16.31 1.45 0.844 0.025
Total post 17.07 1.87 0.842 0.032
ics of these smaller populations. Furthermore,
there was not strong evidence that any of the pop-
ulations (including those in northern Finland) had
gone through a bottleneck and the overall genetic
structure was still fairly weak. To exclude the ef-
fect of smaller sample sizes in post-decline data
these analyses were also repeated with the
resampling from pre-decline data. The results did
not change and to conclude, we did not find evi-
dence that this decrease in genetic variability up
north would have been caused by more severe de-
clines.
Similarly to this study Martinez-Cruz et al.
(2007) found a clear increase of genetic structure
in Spanish imperial eagle populations, but did not
find any decrease in the genetic diversity indices.
However, this kind of pattern is explainable by
among- and within-population components of
variation changing at different rates. Crow and
Aoki (1984) as well as Varvio et al. (1986) demon-
strated with simulation studies that in recently
fragmented populations genetic differentiation
reaches the new equilibrium state much faster than
within-population diversity. Based on this, the ob-
served increase in genetic differentiation in this
study should be taken as a cautious indication that
even though the situation seems still fairly good, a
loss of genetic diversity due to the declines may be
ongoing in the Finnish house sparrows but will be
detected only later on.
3.2. Heavy metals as a potential cause
of house sparrow declines
Especially in urbanized areas harmful substances
are produced in such amounts that they can have
deteriorating effects on the development, survival
and reproduction of organisms. Organisms, which
have become closely associated to human, are at
greatest risk of being affected. This can easily ap-
ply to the house sparrow and one hypothesis of the
declines of the house sparrows has been heavy
metal pollution, especially in the cities. In chapter
II this issue is considered in a study where levels
of eight heavy metals in the livers of urban and ru-
ral house sparrows in southern and central Finland
were analyzed. As shown in Figure 1 in the de-
clines in Finland have been slightly steeper in ur-
ban habitats.
Accumulation of heavy metals with age
and differences between sexes
In the livers of Finnish house sparrows, the con-
centration of iron (Fe) was highest, with a mean of
515.71 mg kg–1, followed by zinc (Zn) with 20.11
mg kg–1. Other metals occurred with much smaller
concentrations (smaller than 4 mg kg–1; see Table
4). The concentrations were higher in urban birds
in all heavy metals except chrome (Cr) (Table 4).
Principal component analysis reduced the eight
original variables to three independent principal
components, which explained 43.1%, 16.0% and
13.5% of the total variance. Different metals had
the following roles in results: iron (Fe), cadmium
(Cd) and lead (Pb) accounted for most of the ex-
plained variance by PC1, chrome (Cr), copper
(Cu) and zinc (Zn) in PC2 and aluminium (Al) and
manganese (Mn) in PC3.
Interestingly, no metal accumulation was
found when age was associated with PC1 (Table
5). Also PC2 and PC3 were not affected. Only in
cadmium (Cd) there was an indication of higher
level in older birds (F
1,54
= 3.71, p = 0.060). On
contrary to these results Swaileh and Sansur
(2006) did find accumulation with age in some
heavy metals in house sparrow livers as well as
other parts of the body. However, in their study
Swaileh and Sansur classified 1 to 4 week old
sparrows as juveniles and the rest as adults. Heavy
metals accumulated along the juvenile stages and
were lower than in the adult group. In this study
juveniles were several months old and our find-
ings thus suggest that heavy metal levels quickly
reach the same concentration in juveniles than in
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Table 4. Concentrations of eight heavy metals (mg
kg–1) in livers of house sparrows from rural and ur-
ban habitats. Values represent mean ± standard
error.
Heavy metal Rural Urban
Al 0.21 ± 0.14 2.70 ± 1.83
Cr 0.23 ± 0.03 0.18 ± 0.02
Mn 1.25 ± 0.07 1.39 ± 0.06
Fe 429.50 ± 19.93 563.61 ± 20.71
Cu 3.69 ± 0.17 4.03 ± 0.15
Zn 18.35 ± 0.75 21.08 ± 0.75
Cd 0.09 ± 0.01 0.16 ± 0.02
Pb 0.10 ± 0.02 0.54 ± 0.06
adults. However, some of the juveniles were
sampled in the spring when some previous season
offspring could potentially have fully ossified
skulls. It is therefore possible that some of our
adult birds were actually juveniles, which would
further act to reduce the difference between the
age groups.
Even though no accumulation with age was
found, there was an indication that sexes differ in
their accumulation of heavy metals in PC1 (Table
5). With PC1 males seemed to have higher levels
of heavy metals. In PC2 and PC3 there were no ef-
fects of age. From separate heavy metals only zinc
(Zn) gave nearly significant results with respect to
sex (F
1,54
= 3.70, p = 0.060). Also other studies on
birds have indeed found differences with respect
to sex (Burger 1991, Eeva 2009). Eeva et al.
(2009) suggested that due to their higher repro-
ductive effort females might be more susceptible
to the negative health effects of pollution stress.
Another possible reason would be that because of
differences in dispersal, sexes would have experi-
enced different environments as young. Even
though the house sparrow is considered to be a
sedentary species, females are more likely to dis-
perse from their native areas than males (Sum-
mers-Smith 1988, Skjelseth et al. 2007). Since
heavy metals do not move very far from the source
point and differences in their levels may occur al-
ready in rather short distances (see e.g. Janssens et
al. 2003), there might be proportionally more indi-
viduals in the female segment of the urban popula-
tion that have dispersed from less polluted rural
areas than in the male segment. Whether differ-
ences in heavy metal concentration between the
sexes are expected in this particular species re-
mains unclear; e.g. Swaileh and Sansur (2006) did
not find differences between the sexes in their
study.
Heavy metal pollution
in urban and rural habitats
In the general linear model where PC1 was the de-
pendent variable, habitat was explaining most of
the variation in the levels of metals and was highly
significant (Table 5). Urban birds had more heavy
metals accumulated in their livers (Figure 4).
When analyzing the heavy metals separately, hab-
itat explained significant amount of variation in
iron (Fe) (F
1,54
= 15.73, p < 0.001), zinc (Zn) (F
1,54
= 6.10, p = 0.017), cadmium (Cd) (F
1,54
= 9.90, p =
0.003) and lead (Pb) (F
1,54
= 31.12, p < 0.001).
Even though our results show clearly that urban
house sparrows experience a different environ-
ment than rural birds with respect to accumulation
of heavy metals, it is difficult to say to what extent
these differences impact the population. Since the
amounts we found were comparatively small, it is
not likely that heavy metal pollution alone would
have caused house sparrow declines in urban ar-
eas in Finland. This is supported by the fact that
heavy metal emissions have also decreased during
the house sparrow declines. However, because all
studies to date (including ours) show that heavy
20 Kekkonen, J.
Table 5. Result from general linear model (GLM)
where principal component 1 was used as depend-
ent variable and habitat, sex and age were explan-
atory variables. Interactions were found to be non-
significant.
Souce of df Sum of F p-value
variation squares
Habitat 1 21.35 38.62 <0.001
Age 1 0.51 0.91 0.344
Sex 1 1.89 3.41 0.071
Fig 4. Box plots representing principal component
1 in different habitats. The horizontal line in the box
represents the median, the hinges are the lower
and upper quartiles and the lines are 1.5 times the
interquartile range. Possible outliers that are out-
side this range are indicated with dots.
metal concentrations are higher in urban areas, it
seems possible that heavy metals could play some
role through other mechanisms. Besides the direct
physiological effects, heavy metals can have indi-
rect effects and this has been recently uplifted by
house sparrow studies from Leicester, UK (Vin-
cent 2006, Peach et al. 2008). Heavy metals along
with other pollutants decrease the amount of in-
vertebrates in the cities which are used as food for
the house sparrow nestlings. Vincent (2006)
found annual productivity (as number of fledged
young) to be lower in urban areas due to starvation
of chicks when their diet contained a high propor-
tion of vegetable material or ants instead of for ex-
ample spiders. In addition lower post-fledling sur-
vival was predicted based on nestling weights.
Peach et al. (2008) reported that years of poor re-
production were characterized by – among other
things – high concentration of air pollution from
traffic. This together with removed vegetation
seemed likely to decrease invertebrate availability
in urban areas. To conclude, heavy metals may
have indirectly played a part in the declines of ur-
ban house sparrows in Finland, but probably there
are also other unknown factors that are together
responsible.
3.3. Comparing quantitative trait
divergence with neutral genetic
differentiation
As neutral genetic divergence measures differen-
tiation in genes that are not under natural selec-
tion, important information of evolutionary pro-
cesses affecting the species can be lost, if only
neutral variation is studied. Even with low neutral
divergence, there can be substantial differentia-
tion in quantitative genetic variation leading to lo-
cally optimized phenotypes (Leinonen et al.
2008). Being able to predict into what directions
the evolutionary processes may modify the spe-
cies is very important in terms of e.g. conservation
(Leinonen et al. 2006, Palo et al. 2003). Therefore,
in chapter IV roles of drift and selection were
studied using neutral and quantitative variation.
Roles of drift and selection in shaping
Finnish house sparrow populations
By comparing phenotypic trait variation to neutral
genetic variation in several morphometric traits of
the house sparrow we found that in tarsus length,
bill depth and bill length the point estimate for ap-
proximate P
ST
was lower than global F
ST
, but the
upper 95% credible intervals clearly encompassed
the F
ST
values (Figure 5A, 5C, 5D). This was the
case also for the male traits of visible and total
badge size (Figure 5F, 5G). Body mass and wing
length were the only traits that showed evidence of
significant differences between approximate P
ST
and F
ST
(Figure 5B, 5E). When considering the
c/h2 = 1 as a biologically realistic assumption
where the proportion of variation due to additive
genetic effect across populations c equals the pro-
portion within population h2 (indicated by a verti-
cal dashed line in Figure 5), the global P
ST
value
for wing length was 0.062 and for body mass
0.212, which both were significantly higher than
F
ST
. For wing length, however, the evidence for
P
ST
> F
ST
was rather weak, because decreasing the
proportion of additive genetic variance between
populations only a little (c/h2 ratio from 1 to 0.85),
resulted in rapidly losing the significant difference
between the neutral and adaptive divergence (Fig-
ure 5B). For body mass, on the other hand, the evi-
dence for P
ST
> F
ST
was stronger, because the ratio
of c/h2 would have to be less than 0.2 (more than
five times lower proportion of phenotypic vari-
ance across populations than within populations
are explained by additive genetic effects) for P
ST
to
decrease to the level of F
ST
(Figure 5E).
In their review, Leinonen et al. (2008) found
that in 70% of studies directional selection was re-
sponsible for the observed differentiation. How-
ever, few studies have compared quantitative and
neutral divergence in birds (Leinonen et al. 2008).
Phenotypic adaptation was found on European
wide scales in greenfinches Carduelis chloris
(Merilä et al. 1997) and great snipes Gallinago
media (Saether et al. 2007) for morphometric
traits and in pied flycatchers (Fidecula hypoleuca)
for plumage coloration (Lehtonen et al. 2010). In
great snipes, substantial phenotypic differentia-
tion was found between Norway and Eastern Eu-
rope, despite low neutral divergence, but not be-
tween populations within the same region. Inter-
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estingly, we found evidence of quantitative diver-
gence on the scale of just few hundred kilometers,
suggesting that adaptation to local conditions due
to diverging selection can be found in birds even
on a relatively small spatial scale. Partly, this find-
ing may reflect the more sedentary lifestyle of the
house sparrow in comparison to the great snipe
(migratory), greenfinch (at least partly migratory)
and pied flycatcher (migratory). Although the lim-
ited dispersal of the house sparrow (Altwegg et al.
2000, Siriwardena et al. 2002, Tufto et al. 2005)
has not resulted in large neutral divergence (our
F
ST
is 0.0159), it still seems to have restricted gene
flow enough for local adaptation to occur. Fur-
thermore, our findings were quite similar to those
made in a recent study of house sparrow diver-
gence of the same traits in Norway (Holand et al.
in review). There was a strong indication of direc-
tional selection for bodymass. Tarsus length, wing
length, bill depth and bill length showed some-
what similar patterns. In male visible and total
badge size, however, quantitative trait differentia-
tion exceeded neutral genetic differentiation in
Norway but not in Finland. However, in our study
sample sizes were smaller regarding these male
traits.
Since directional selection on body mass and
(to some extent) on wing length was detected, the
population means of these two traits were plotted
against latitude (Figure 6A, 6B). In both plots the
traits seem to grow when moving to north, albeit
for body mass there are some inconsistencies. For
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wing length the linear regression was significant
(b = 0.469± 0.114 SE, p = 0.003, Figure 6A) and
but for body mass not quite (b = 0.429 + 0.226 SE,
p = 0.095, Figure 6B). These traits appear to fol-
low the Bergmann’s rule (Bergmann 1847), which
states that individuals experiencing cooler climate
are larger in body size. Bergmann’s rule is consid-
ered to be driven by directional selection and it is
not expected if traits are influenced by environ-
mental effects only. For further support to our
findings, Finnish house sparrows in 1980s have
been found to be under directional selection over
winter (Väisänen and Hanski unpublished data).
This has generally been quite well established for
birds since e.g. Ashton (2002) included studies
conducted on 100 bird species to a meta-analysis
and found out that for 76 of the species the
Bergmann’s rule held true. Interest in this
ecogeographic rule has recently increased, be-
cause climate warming predicts shifts in the latitu-
dinal gradients (e.g. Yom-Tov 2001).
From a conservation perspective this study
showed that despite the still rather low neutral di-
vergence there seems to be potentially adaptive di-
vergence. The relevance of locally adapted forms
for species’ genetic diversity is however difficult
to evaluate and further research is thus needed.
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Fig. 5. The relationship between global PST and FST
estimates (solid lines) for house sparrows when the
ratio of the scalar parameters c (proportion of
phenotypic variance between populations due to
additive genetic effects) over heritability h2 (propor-
tion of phenotypic variance within populations due
to additive genetic effects). The dotted lines repre-
sent the lower and upper 95% credible and confi-
dence intervals of the PST and FST estimates re-
spectively. Vertical dashed line represents the point
in the x-axis where the value of c equals the
heritability estimate h2 (additive genetic effects ex-
plain an equal proportion of phenotypic variance
between and within populations), which is here
considered as a naïve expectation. Each panel
represents a different trait (named in the panel).
4. Conclusions and the future
of the house sparrow
In Finland the house sparrow population has been
panmictic in 1980s. Due to the dramatic declines,
however, population structuring has increased,
even though the effect on loss of genetic diversity
may lag behind. Despite this still rather low neu-
tral divergence, directional selection was found to
have acted on two morphometric traits, wing
length and body mass, indicating local adaptation.
Heavy metal pollution, which has been suggested
as a possible cause of declines in urban areas,
might partly explain the faster declines in cities
than in the rural areas in Finland but through indi-
rect effects like availability of insect food.
The house sparrow in Finland is still relatively
abundant but the declines may not be over yet
(Chapter III, Figure 1). At this moment I think that
the future of this bird seems decent in Finland. If
the abundance would stay approximately at the
present level, the sheer numbers can potentially
counteract the negative effects of population de-
clines. I want to stress, though, that it is possible
we have not seen all the effects of the declines yet,
especially if new equilibrium states in the genetic
diversity or differentiation have not been reached.
In addition if the species continues to decline, the
future prospects for the species can deteriorate
also at the genetic level.
Overall, I think that even though conservation
actions seem not to be needed at the moment, the
case of the house sparrow can nonetheless provide
information relevant for modern conservation
biology. Chapter I shows that genetic approaches
provide information that is not gained by tradi-
tional monitoring methods: ringing records indi-
cated low dispersal and based only on that popula-
tions could be expected to differ significantly.
However, microsatellite data showed that house
sparrows were panmictic. Chapters I and III em-
phasize the importance of genetic methods as
tools for conservation studies since in a species
that comes out from traditional censuses as rela-
tively abundant, effects of the declines can already
be detected in the genetics. In addition the impor-
tance of genetic monitoring also in the future be-
comes apparent since all effects may not have
been seen so far. Findings from chapter II indi-
cates that urban and rural birds are likely to experi-
ence different challenges in their living environ-
ments and this should be taken into consideration
when studying declines in other human associated
species. Chapter IV highlights the importance of
using several genetic approaches in this type of
population genetic research. Looking at the in-
creased but still rather low neutral genetic diver-
gence important information on differentiation in
quantitative traits under selection would have
been missed. Even though the results should not
be over-interpreted, the P
ST
– F
ST
-comparisons in
species that are declining may present consider-
able insights that are applicable in designing evo-
lution-based conservation strategies. The studies
in this thesis could be extended in the future by in-
cluding both historical and new samples from
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Fig. 6. Population means of wing length (panel A) and body mass (panel B) plotted against latitude. Error
bars around the mean represent the standard errors. Latitude is given as degrees and the range corre-
sponds to 60°N to 67°30’N.
other countries in Europe to study the effects of
declines on a larger scale and whether the evolu-
tionary processes differ between areas as they
seem to when comparing these results to the Nor-
wegian study. Also using markers for genes that
code fitness related traits under selection would
extend the understanding of evolutionary pro-
cesses ongoing in the house sparrow.
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